During our on-going attempts to develop a new skin-whitening agent, we identified a novel candidate compound KHG22394, a 2-imino-1,3-thiazoline derivative. Our data show that KHG22394 significantly inhibits melanin production in a dose-dependent manner, but that it does not directly inhibit tyrosinase, the rate limiting melanogenic enzyme. It has been reported that the activation of extracellular signal-regulated kinase (ERK) reduces melanin synthesis by downregulating microphthalmia-associated transcription factor (Mitf). Thus, we examined the effects of KHG22394 on the ERK pathway and found that it induced ERK and 90 kDa ribosomal S6 kinase (RSK-1) activation. Moreover, a a-melanocyte-stimulating hormone (a a-MSH) is known to increase melanin biosynthesis by increasing tyrosinase production, and here, we found that a a-MSH-induced Mitf and tyrosinase increases were inhibited in B16 melanoma cells treated with KHG22394. These findings suggest that the hypopigmentary effect of KHG22394 results from the downregulation of Mitf and subsequently of tyrosinase, although KHG22394 did not inhibit tyrosinase activity directly. Our findings indicate that 2-imino-1,3-thiazoline derivatives are potential skin whitening agents.
Melanin is the biological pigment of human skin and hair, but it is also synthesized by a pathogenic fungus Pyricularia oryzae, which causes rice blast disease. 1) Thus, inhibitors of melanin synthesis could prevent blast disease in rice. Recently, 2-imino-1,3-thiazoline derivatives were found to have antifungal activity against Pyricularia oryzae, 2) and since these compounds have potent melanin-reducing activity in fungi and low toxicity in animal cells, we hypothesized that they may provide the basis for a new class of skin whitening agents.
In mammals, a-melanocyte-stimulating hormone (a-MSH) is required for the development of pigmentation. 3) a-MSH binds to its specific receptor (MC1R) and increases cAMP, which activates melanogenesis by activating microphthalmia-associated transcription factor (Mitf), a melanocytespecific transcription factor. 4) Moreover, Mitf strongly upregulates the expressions of melanogenic enzymes, such as, tyrosinase, tyrosinase-related protein 1 (TRP1), and tyrosinase-related protein 2 (TRP2). [5] [6] [7] [8] Additionally, in humans, MITF gene mutations result in Waardenburg Syndrome type IIA, which manifests as an abnormal pigmentation of skin and hair. [9] [10] [11] Importantly, tyrosinase catalyses the rate-limiting reaction of the melanogenic process, [12] [13] [14] and thus, melanin production is mainly controlled by the expression and activity of tyrosinase. 15) The extracellular signal-regulated kinase (ERK) pathway is a major signaling cascade, which plays a crucial role in cell growth control. Recently, it was reported that inhibition of the ERK pathway in B16 melanoma cells induces cell differentiation and increases tyrosinase activity, and thus leads to hyperpigmentation, [16] [17] [18] which suggests that the activation of the ERK signaling pathway downregulates melanogenesis. In addition, a 90 kDa ribosomal S6 kinase (RSK-1) was found to phosphorylate Mitf at serine 409, and lead to its ubiquitination and degradation, 19) and in a previous study, we found that RSK-1 is activated by lysophosphatidic acid and that it attenuates melanin synthesis. 20) In the present study, we investigated the effects of a 2-imino-1,3-thiazoline derivative, KHG22394, on melanin synthesis and tyrosinase activity in B16 melanoma cells. In addition, we examined the effects of KHG22394 on the expressions of Mitf and tyrosinase.
MATERIALS AND METHODS
Materials KHG22394 was synthesized at the Organic Chemistry Laboratory (KIST, Seoul). KHG22394 was dissolved in DMSO and stored at Ϫ20°C as a stock solution (50 mM). Synthetic melanin, L-DOPA, and mushroom tyrosinase were purchased from Sigma-Aldrich Co. (St. Louis, MO, U.S.A.). Antibodies specific to phospho-ERK1/2 (Thr202/ Tyr204, #9101S), phospho-RSK-1 (Thr359/Ser363, #9344S), and total (phosphorylated and non-phosphorylated) ERK1/2 (#9102) were from Cell Signaling Technology (Beverly, MA, U.S.A.). Microphthalmia Ab-1 (C5, MS-771-P0) was purchased from NeoMarkers (Fremont, CA, U.S.A.), and total (phosphorylated and non-phosphorylated) RSK-1 (C-21, sc-231), tyrosinase (C-19), and actin (I-19) antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, U.S.A.).
Cell Cultures B16 murine melanoma cells were obtained from the Korean Cell Line Bank (Seoul). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT, U.S.A.) and 1% penicillin-streptomycin (10000 U/ml and 10000 mg/ml, respectively) in 5% CO 2 at 37°C.
Cell Viability Assay Cell viabilities were determined using crystal violet assays. 21) After incubating cells with test substances for 24 h, media were removed, and cells were stained with 0.1% crystal violet in 10% ethanol for 5 min at , a room temperature. Cells were then rinsed four times with distilled water, and crystal violet retained by adherent cells was extracted with 95% ethanol. Absorbance was determined at 590 nm using an ELISA reader (TECAN, Salzburg, Austria).
Measurement of Melanin Contents
Extracellular melanin release was measured as described previously, 22) with slight modification. Briefly, B16 cells were incubated at a density of 1ϫ10 5 cells in six-well plates overnight. a-MSH (1 mM) was then added and cells were treated with increasing concentrations of KHG22394 (0.1-50 mM) in phenol red free DMEM for 3 d. Two hundred ml aliquots of media were then placed in 96-well plates and optical densities (OD) were measured at 400 nm using an ELISA reader. A standard curve for synthetic melanin (0 to 300 mg/ml) was prepared in triplicate for each experiment. Cell numbers were then counted using a haemocytometer. Melanin productions were expressed as percentages of those of untreated controls.
Tyrosinase Activity Tyrosinase activities were determined as previously described, 23) with slight modification. Briefly, cells were cultured in six-well plates, incubated with KHG22394 in phenol red free DMEM for 3 d, washed with ice-cold PBS, and lysed with phosphate buffer (pH 6.8) containing 1% Triton X-100. They were then disrupted by freeze-thawing, and lysates were clarified by centrifuging at 10000ϫg for 5 min. After quantifying protein levels using the Bradford assay and adjusting concentrations with lysis buffer, 90 ml of each lysate was placed in a well of a 96-well plate, and 10 ml of 10 mM L-DOPA was added. Control wells contained 90 ml of lysis buffer and 10 ml of 10 mM L-DOPA. Absorbances were measured every 10 min for at least 1 h at 475 nm using an ELISA reader whilst incubating at 37°C.
A cell-free assay system was used to investigate the direct effects of KHG22394 on tyrosinase activity. Seventy microliters of phosphate buffer containing KHG22394 was mixed with 20 ml of 10 mg/ml mushroom tyrosinase, and 10 ml of 10 mM L-DOPA was then added. Following incubation at 37°C, absorbance was measured at 475 nm.
Western Blot Analysis Cells were lysed in cell lysis buffer [62.5 mM Tris-HCl (pH 6.8), 2% SDS, 5% b-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride, protease inhibitors (Complete TM , Roche, Mannheim), 1 mM Na 3 VO 4 , 50 mM NaF, and 10 mM EDTA]. Ten micrograms of protein per lane was separated by SDS-polyacrylamide gel electrophoresis and blotted onto PVDF membranes, which were then saturated with 5% dried milk in Tris-buffered saline containing 0.4% Tween 20. Blots were then incubated with the appropriate primary antibodies at a dilution of 1 : 1000, and further incubated with horseradish peroxidase-conjugated secondary antibody. Bound antibodies were detected using an enhanced chemiluminescence plus kit (Amersham International, Little Chalfont, U.K.).
Statistics Differences between results were assessed using analysis of variance followed by Dunnett's test. p values of Ͻ0.01 were taken to be significant.
RESULTS

Effects of KHG22394 on Melanin Synthesis in B16 Cells
While screening for new skin-whitening agents using B16 cells (Table 1) , we found that KHG22394 had a stronger hypopigmentary effect than the other 2-imino-1,3-thiazoline derivatives examined; the structure of KHG22394 is shown in Fig. 1 . Initially, we treated B16 cells with KHG22394 to determine whether it has a cytotoxic effect; cell viabilities were determined using crystal violet assays. The results obtained showed that KHG22394 is not cytotoxic to B16 cells in the concentration range 0.01-50 mM (Fig. 2) . Cells were then exposed to KHG22394 (0.1-50 mM) in the presence of a-MSH (1 mM) for 3 d, and extracellular melanin release was measured. As shown in Fig. 3A , the addition of a-MSH increased the amount of melanin in media, and KHG22394 treatment reduced this melanin release in a dose-dependent manner. In accord with its observed effects on melanin production, a-MSH also stimulated tyrosinase activity, which was also significantly reduced by KHG22394 treatment (Fig.  3B) .
We also investigated the direct effect of KHG22394 on tyrosinase activity using mushroom tyrosinase. However, KHG22394 showed little inhibitory effect on tyrosinase activity, whereas 100 mM kojic acid (a direct inhibitor of tyrosinase) had a strong inhibitory effect (Fig. 3C) . These results indicate that the inhibitory effect of KHG22394 on melanogenesis is not due to its direct inhibition of tyrosinase.
KHG22394 Activated the ERK Signaling Pathway and Downregulated Mitf and Tyrosinase It has been reported that the ERK pathway is intimately involved in melanogenesis and that ERK activation induces Mitf degradation, which subsequently decreases melanin synthesis. 19, 24) Therefore, we investigated whether KHG22394 affects the ERK signaling pathway. As shown in Figure 4A , KHG22394 activated ERK and RSK-1 (the kinase downstream of ERK). 17, 19) After 10 min of treatment, KHG22394 (25 mM) induced ERK activation, and this was sustained for at least 60 min. In addition, KHG22394 (25 mM for 30 min) also activated RSK-1, and this activation was sustained for 360 min. Moreover, because KHG22394 did not directly inhibit tyrosinase activity in a cell free system, but reduced tyrosinase activity in B16 cells (Figs. 3B, C) , we hypothesized that reduced melanogenic protein expression may be responsible for diminished melanin production. Thus, we examined Mitf and tyrosinase protein levels after KHG22394 treatment.
a-MSH is known to increase Mitf and tyrosinase protein levels in melanocytes, and thus, initially, we confirmed that a-MSH (1 mM) stimulated Mitf and tyrosinase levels in B16 melanoma cells (Fig. 4B ). KHG22394 at 25 mM reduced both Mitf and tyrosinase levels, and in a time course experiment, KHG22394 (25 mM) co-treated with a-MSH (1 mM) reduced a-MSH-induced Mitf upregulation (Fig. 4C) , which suggests that Mitf and tyrosinase downregulation by KHG22394 may reduce melanin synthesis.
DISCUSSION
Recently, a focused library was established based on the 2-imino-1,3-thiazoline template, 2) and many of these compounds were found to have a strong antifungal effect on Pyricularia oryzae, which was associated with a reduction in fungal melanin synthesis.
2) It is interesting that the antifungal effects of these derivatives were derived not by some direct toxic affect on fungus, but rather via the inhibition of melanogenesis. In view of the generally low cytotoxicities of these compounds, we supposed that they might be of use as Whole cell lysates were then subjected to Western-blot analysis using antibodies against phospho-specific ERK (p-ERK) and phospho-specific RSK-1 (p-RSK-1). Equal protein loadings were confirmed by reaction using phosphorylation-independent ERK and RSK-1 antibodies. (B) Cells were stimulated with a-MSH (1 mM) with/without KHG22394 (25 mM) for 48 h. (C) Cells were co-cultured with a-MSH (1 mM) and KHG22394 (25 mM) for 24, 48, or 72 h. Whole cell lysates were then Western blotted using antibodies against Mitf and tyrosinase. Equal protein loadings were confirmed using anti-actin antibody.
Fig. 3. Effects of KHG22394 on Melanogenesis in B16 Cells
Cells were co-cultured with a-MSH (1 mM) and KHG22394 (0.1-50 mM) for 3 d.
skin-whitening agents, and therefore, we tested some of the derivatives in the above-mentioned library. Some were found to be cytotoxic to B16 melanoma cells, but the majority was not and yet reduced melanin levels (Table 1) , and of these, KHG22394 was found to most strongly suppress melanin synthesis.
Other potent chemical species are known to act against rice blast fungus. For example, tricyclazole is known to inhibit trihydroxynaphthalene reductase, an important enzyme in fungal melanin biosynthesis, 25) and capropamid (also used against pathogenic fungi) inhibits the action of scytalone dehydratase, which catalyses the dehydration step in fungal melanogenesis. 26) Initially, we considered it likely that KHG22394 might inhibit tyrosinase, the rate-limiting enzyme in melanin biosynthesis. However, as shown by Fig.  3C , KHG22394 did not inhibit tyrosinase directly, which clearly indicated the involvement of another mechanism.
Mitf is a melanocyte-specific transcription factor, and controls pigmentation by regulating the expressions of melanogenic enzymes like tyrosinase, TRP-1, and TRP-2. 4, 6, 27) In addition, it has been reported that ERK is an important regulator of melanogenesis, since ERK activation induces Mitf phosphorylation and its subsequent degradation, and thus reduces melanin synthesis. 19, 24, 28) We also previously found that sphingosine-1-phosphate activates ERK and causes Mitf phosphorylation and degradation, and that this reduces tyrosinase levels and melanin synthesis. 17) Moreover, as we found for sphingosine-1-phosphate, 17) KHG22394 did not inhibit tyrosinase directly. Instead, both ERK and RSK-1 were found to be activated, which suggests that reduced melanin production by KHG22394 might be related to the ERK pathway. Furthermore, in the present study, we found that MITF protein levels dropped markedly after KHG22394 treatment, and that subsequently tyrosinase levels also reduced, thus indicating that Mitf downregulation by KHG22394 reduces melanin synthesis. On the other hand, it was recently reported that Mitf is conserved in Drosophila and that it plays an important role during embryonic development and in eye-antennal imaginal disc formation. 29) This finding suggests that Mitf could be involved in melanin synthesis in insects and fungi as well as in mammals. Thus, the antifungal activity of KHG22394 might be related to Mitf downregulation in Pyricularia oryzae. To resolve this issue further studies are required.
Summarizing, the present study demonstrates that KHG22394 activates the ERK pathway and downregulates Mitf and tyrosinase at the protein level. Moreover, our results suggest that KHG22394 is should be viewed as a potential skin-whitening agent.
